ABSTRACT
INTRODUCTION

The next generation of large telescopes is designed, among other scientific requirements, to measure fundamental properties of galaxies from high-redshift (z) to today. However, the instrumentation cost for the next generation of telescopes will be enormous. Here, we present an approach that combines several modern technologies to significantly reduce the cost of astronomical spectrographs.
For any two functionally equivalent spectrographs, their volume increases, roughly, with the telescope diameter cubed. 1 There is a power-law relationship between telescope diameter (volume) and instrument cost, where the exponent sits between two and three. For example, DEIMOS, on a 10m telescope cost US$10m dollars 2 (though it was originally budgeted for less.) The preliminary estimate for an instrument with less multiplexing capability, on a 30m telescope, is US$60m. 3 This growth of telescope diameter, and instrument cost and complexity, is schematically illustrated in Figure 1 . 
In this paper we describe the design of a spectrograph, built with tens of thousands of mini-spectrographs. By clever use of fiber multiplexing and slicing, enormous optics disappear, simplifying alignment and test procedures, which ultimately drive down the cost of the instrument package. A single, MEMS, spectrograph, including detector, costs manufacturers roughly US$20 per part.
It is well understood that industrial replication reduces the cost of an individual component. However, a surprising recent result, is that replicated spectrographs reduce the total cost of an instrument. For example, the recently designed Visible Integral-Field Replicable Unit Spectrographs (VIRUS), which is replicated by
SYSTEM DESIGN
During observation a target will be assigned an integral-field bundle of ∼ 100 spectrographs. The blazefunction of their gratings is tuned to peak at the observed wavelength of Hα (λ obs = (1 + z) · 6563Å.) As a result, a photometric-or spectroscopic-z must be known for each target. Typically, for NIR observations, z is predetermined, to ensure that lines of interest do not fall on night-sky lines.
After this brief review of requirements and overall system design, we focus our attention on the individual, MEMS, spectrographs. Each spectrograph is a scaled-down version of a typical grating spectrograph. The light path begins at the fiber feed, the beam is collimated, then diffracted off of a tunable, MEMS, diffraction, grating, and finally, is brought to focus on a linear InGaAs array.
7 This research has focused on designing, simulating and building a tunable diffraction grating. Examples of the miniaturized optics and assembly procedure has been discussed in §1. The innovation of this work is in producing a tunable grating that satisfies these above requirements.
THE TUNABLE DIFFRACTION GRATING
There are a number of ways to manipulate a grating to manipulate its blaze function. The grating equation relates the output angle, θ out , of a wavelength of light: To tune the grating spacing, the grating is designed to stretch in an "accordion" style. Figure 2 Poly1) Figure 2 with a connection to the actuation system.
shows a test grating operated by hand. This Figure is taken through a microscope objective. A grating is comprised of thick diffraction blades, blades are made of polysilicon (
Grating Diffraction Efficiency
We use gsolver to simulate the efficiency of an alternating gold, polysilicon, diffraction grating. The simulation takes account of the etch release holes, and dimples, visible in Figure 2 . Simulations showed acceptable efficiency in first order, typically greater than 50%. We now zoom into the design to explore the actuators. 
Most of our efficiency loss is due to the design rules dictated by the PolyMUMPS process. PolyMUMPS is a robust, and relatively simple service, designed to be general purpose with high yield. As a result, our gratings are limited to square blaze functions. Square blaze angles reduce the efficiency of the grating. In §5 we briefly describe an alternative approach that increases simulated efficiency to greater than 85%.
THE DRIVE SYSTEM
The Built System
The chips returned from PolyMUMPS were tested 
DESIGN RISKS AND FUTURE DIRECTIONS
